angiogenic factors provides insight into the mechanism of angiogenesis and offers a potential target for gene therapy.
Insulin gene enhancer binding protein-1 (Islet-1) is a LIM domain transcription factor belonging to the LIM homeodomain subfamily [12] . As a key transcription factor, Islet-1 regulates cell fate and embryonic development [13] . Islet-1 also plays an important role in cell specification, differentiation, and maintenance of phenotypes of the ganglion, cholinergic amacrine, ON bipolar, and horizontal cells in the retina [14] . Recently, it has been demonstrated that gene transfer of Islet-1 into cultured vascular endothelial cells improves proliferative, migratory, and tube formation properties, which are attributed to increased secretion of VEGF [15] . Conditioned medium from human mesenchymal stem cells overexpressing Islet-1 dramatically improves survival, migration, and tube formation in human umbilical vein endothelial cells (HUVECs) in vitro and in vivo. The monocyte chemoattractant protein-3 (MCP3) was found to be concomitantly upregulated after forced expression of Islet-1 in human mesenchymal stem cells [16] . Furthermore, in an experimental infarction model, delivery of Islet-1 into areas of myocardial infarction improved the therapeutic outcome by promoting angiogenesis [17] . These results indicate that overexpression of Islet-1 in cells by gene transfer promoted angiogenesis. However, the role of endogenous Islet-1 in angiogenesis remains unknown. The role of Islet-1 together with HIF-1α, NF-κβ, Ets-1, and PGC-1a in regulating neoangiogenesis has yet to be determined. Therefore, using cultured HUVECs, we analyzed whether inhibition of endogenous Islet-1 altered their proliferation, migration, and tube formation in vitro and examined whether suppression of Islet-1 in the retinas of murine models of oxygen-induced retinopathy (OIR) inhibited pathological retinal neovascularization in vivo.
METHODS

Materials:
The study protocol conformed to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research and approved by the Ethics Review Committees for Animal Experimentation of Central South University. Small interference RNA (GIMA siRNA company, Shanghai, China). anti-Islet-1 antibody (Abcam , Cambridge, England),rabbit polyclonal anti-VEGF antibody (Abcam), Transwell (Corning Costar, Corning, NY), Matrigel (BD Biosciences, San Jose, CA), C57BL/6J mice (Shanghai Laboratory Animal Center, Shanghai,China).
siRNA synthesis: siRNA targeting human Islet-1 mRNA (siRNA1) and murine Islet-1 mRNA were designed. The sense strand of siRNA1 against human Islet-1 was 5′-. The sense strand was 5′-AAA AGA AUG GAG GUG GAA GdT dT-3′, and the antisense strand was 3′-dTd TUU UUC UUA CCU CCA CCU UC-5′. The sense strand of siRNA targeting murine Islet-1 mRNA was 5′-UCA GCU UCA UAU AGA CAA AdT dT-3′, and the antisense strand was 3′-dTd TAG UCG AAG UAU AUC UGU UU-5′. One negative control siRNA that has homology limited to sequences in the human and mouse genomes and three Islet-1 siRNA were synthesized and purified by the GIMA siRNA company (Shanghai, China).
Cell culture and transfection: HUVECs were purchased from the American Type Culture Collection (Manassas, VA). The HUVECs were grown in F12K medium, containing 0.1 mg/ ml heparin, 20% fetal bovine serum, and 0.03 mg/ml endothelial cell growth supplement. The cells were cultured in an incubator at 37 °C in an atmosphere of 95% air and 5% CO 2 . Transfection reagent Lipofectamine 2000 (Invitrogen, Carlsbad, CA) [18] . was used to transfer the siRNA targeting Islet-1 into the HUVECs according to the manufacturer's protocol.
Real-time PCR:
Total RNA was isolated from cultured cells or retinal tissues with TRIzol® reagent (Invitrogen).The first strand cDNA was synthesized using an oligo (dt) primer in the First Strand cDNA Synthesis kit (Fermentas, Hanover, MD). The specific primers for human and murine Islet-1, VEGF and β-actin, were designed and synthesized by Bio Basic Inc. (Shanghai, China). To amplify human Islet-1 in cultured cells, the primer pair, 5′-AGA TCA GCC TGC CTG CTT TTC AGC-3′ (sense) and 5′-AGG ACT GGC TAC CAT GCT GT-3′ (antisense), was used to generate the Islet-1 PCR product. The primer pair, 5′-TCT CCC TGA TCG GTG ACA GT-3′ (sense) and 5′-CAC ACA AAT ACA AGT TGC CA-3′ (antisense), was used to yield the PCR product of human VEGF. The primer pair, 5′-GTC CAC CTT CCA GCA GAT GT-3′ (sense) and 5′-AAA GCC ATG CCA ATC TCA TC-3′ (antisense), was designed to generate the PCR product of human β-actin. To amplify Islet-1 in the murine retinas, the primer pair, 5′-CGG ATC CTA CAG ATA TGG GA-3′ (sense) and 5′-CGT CGA CTC CTC ATG CC CTC-3′ (antisense), was used to generate the PCR product. The primer pair, 5′-TAT TTG GCA ACT TGT GTT TG-3′ (sense) and 5′-GAA TTC TCT ATT TTT CTT GT-3′(antisense), was used to yield the PCR product of murine VEGF. The primer pair, 5′-TGG TTA CAG GAA GTC CC TCA-3′ (sense) and 5′-AAG CAA TGC TGT CAC CTT CC-3′ (antisense), was designed to generate the PCR product of murine β-actin. The program cycle was set as follows: thermal profile consist of 10 min of annealing at 50 °C, one cycle at 95 °C and 5 min of polymerase activation followed by 45 cycles of PCR for 10 s at 95 °C and 59 °C for 30 s followed by melt curve analysis performed at 65-95 °C with increment of 0.5 °C for 10 s to confirm the authenticity of the amplified product by its specific melting temperature (Tm). The quantity of mRNA was calculated based on the cycle threshold (CT) values that were standardized with the amount of the housekeeping gene β-actin. An additional calculation was performed using the 2 -∆∆CT method, and the results were expressed as an n-fold difference relative to normal controls.
Western blot analysis:
The cultured cells and the entire murine retinas were collected and lysed in lysis buffer containing protease inhibitors (Boehringer, Mannheim, Germany). Total protein (30 μg per lane) was resolved on sodium dodecyl sulfate-polyacrylamide gel and transferred on a nitrocellulose membrane and incubated with rabbit polyclonal anti-Islet-1 antibody (Abcam, 1:1,000), rabbit polyclonal anti-VEGF antibody (Abcam, 1:1,000) and mouse monoclonal anti-β-actin antibody (Sigma, St. Louis, MO, 1:5,000), followed by incubation with corresponding secondary antibodies: goat anti-rabbit antibody (Abcam, 1:3,000) or goat anti-mouse antibody (Abcam, 1:2,000). The enhanced chemiluminescence (ECL) reagent was added to the membrane as instructed by the manufacturer. Briefly, the substrate working solution was prepared by mixing equal parts of the detection reagents. About 0.125 ml working solution per cm 2 of membrane was used. The blot was incubated with working solution for 1 min at room temperature. The membrane was exposed to an X-ray film for 1 min before it was developed and fixed.
MTT assay: 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide; thiazolyl blue (MTT) was used to measure the proliferation of HUVECs. A total of 1 × 10 4 HUVECs were inoculated in 96-well flat-bottomed plates. After treatment with Islet-1-siRNA or negative control siRNA, the cells were cultured for 6 days. Every 24 h, the MTT solution (5 mg/ ml) was added to a group of wells. Following 4 h incubation at 37 °C, the cell culture medium was removed, and 100 μl of dimethyl sulfoxide (DMSO) was added to solubilize the crystals. The absorbance of each well was measured with an ELx800 Universal Microplate Reader (Bio-Tek, Winooski, VT) with the detection wavelength set at 570 nm. The relative proliferation level of cells was measured as the optical density (OD) value [19] .
Invasion and migration assay:
For the invasion assay, the Transwell with an 8 μm diameter pore membrane (Costar, Corning, NY) was coated with 200 μl Matrigel at 200 μg/ ml and incubated overnight. Twenty-thousand HUVECs with or without transfection of siRNA targeting Islet-1 were seeded into the upper chamber of the Transwell. After 24 h of incubation at 37 °C, the cells were fixed in methanol and stained with hematoxylin and eosin (H&E), and the cells that invaded through the pores to the lower surface of the filter were counted under a microscope. Three invasion chambers were used per condition. The values obtained were calculated by averaging the total number of cells from three filters. For the migration assay, a wound-healing assay was performed. HUVECs (1 × 10 6 ) were seeded on 6 cm plates coated with 10 μg/ml type I collagen. The cells were incubated for 24 h, and then the monolayer was disrupted with a cell scraper. The cells were incubated in a medium without fetal bovine serum, and photographs were taken at 0 and 48 h in a phase-contrast microscope (Nikon ELWD 0.3 ,Tokyo, Japan). The distance of the wounded region lacking cells was measured, and the results were displayed as the wound healing rate. Experiments were performed in triplicate, and four fields of each point were recorded.
In vitro tube formation assay:
In vitro formation of capillarylike structures was examined using growth factor reduced Matrigel (BD Biosciences, San Jose, CA). Cell suspensions containing 50 ng/ml VEGF were plated on Matrigel-coated 48-well plates at a density of 25,000 cells per well in endothelial basal medium (EBM) containing 0.2% fetal calf serum (FCS). Cells were directly photographed after 18 h with a Leica camera (Leica, Wetzlar, Germany; 40× magnification). The photographs were analyzed using Image J software, and network structures and capillary-like areas were separately marked. We measured the relative capillary-like structure density by computing the number of capillary-like areas, and took the normal group as 100%. The experiments were repeated at least three times.
Animal model of proliferative retinopathy:
The study protocol conformed to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. The reproducible mouse model of oxygen-induced retinopathy (OIR) has been described previously [20] . At postnatal day 7 (P7), the C57BL/6J mice were exposed to 75% ± 2% oxygen for 5 days with the nursing mothers. The mice were removed from the chamber at P12 and maintained in room air until P17. Mice of the same strain and of the same age were kept in room air and used as control subjects. Intravitreal injections were performed at P12.
Intravitreal injections: At P12, the mice were anaesthetized with an intraperitoneal (IP) injection of pentobarbital sodium. The lid fissure was opened using a no. 11 scalpel blade, and the eye was proptosed. Intravitreal injections were performed by first entering the eye with an Ethicon TG140-8 suture needle at the posterior limbus. A 32-gauge Hamilton needle and syringe were used to deliver 1 µl liposome-Islet-1 siRNA (5 μg) complex or 1 µl control complex (liposome-negative control siRNA) into the vitreous cavity.
Angiography with high-molecular-weight f luoresceindextran: At P17, mice were anesthetized with a 30 mg/kg intraperitoneal injection of sodium pentobarbital sodium, and perfused through the left ventricle with PBS ( NaCl 8.00 g, KCl 0.20 g ,Na 2 HPO 4 1.44 g, 0.24 g KH 2 PO 4 , pH 7.4) 1 ml of 50 mg/ml fluorescein labeled high molecular weight (2,000,000) dextran (Sigma-Aldrich). Subsequently, the mice were sacrificed and the eyes were enucleated. The retinas were dissected and flatmounted on microscope slides with glycerol-gelatin. Adobe Photoshop CS3 (Adobe Photoshop CS3; Adobe Systems, Inc., San Jose, CA) was used for the quantification of vaso-obliteration, which was processed as described previously [21] .
Histological analysis of neovascularization:
The P17 mice were killed with IP injections of an overdose of sodium pentobarbital. Their eyes were enucleated, fixed with 4% paraformaldehyde in PBS, and embedded in paraffin. Serial 6 µm paraffin-embedded axial sections of the retina were obtained starting at the optic nerve head. After staining with periodic acid-Schiff reagent and hematoxylin, ten intact sections of equal length, each 30 µm apart, were evaluated for a span of 300 µm. All retinal vascular cell nuclei anterior to the internal limiting membrane were counted in each section according to a fully masked protocol. Averaging of all ten counted sections yielded the mean number of neovascular cell nuclei per 6 µm section per eye.
Immunohistochemistry: Retinal sections were obtained from mouse eyes fixed in 4% paraformaldehyde in PBS for 1 h on ice. The eyes were embedded in optimal cutting temperature (OCT) medium (Sakura Finetechnical, Torrance, CA) and snap frozen in liquid nitrogen. Frozen retinal sections were cut in a cryostat at 10 μm thickness along the vertical median through the optic nerve. Sections were rehydrated in PBS and blocked with blocking buffer (10% ChemiBlocker; Millipore, Billerica, MA) in PBS for 30 min at room temperature. Primary antibody rabbit polyclonal anti-Islet-1 antibody (Abcam, 1:250) was incubated in PBS containing 0.05% Tween 20 (PBTS) buffer overnight at 4 °C. The sections were washed with PBTS buffer five times (5 min each at room temperature). The slides were incubated with Alexa Fluor 488 anti-rabbit (Jackson ImmunoResearch, West Grove, PA; 1:200) 1 h at room temperature. The sections were washed with PBTS buffer five times (5 min each at room temperature) and rinsed with PBS. The chromosomal DNA was stained with 4', 6-diamidino-2-phenylindole (DAPI; Roche diagnostics) and covered with a glass coverslip. Confocal fluorescence microscopy was performed using a Leica SP2. Images were subsequently processed using IMARIS (Bitplane Inc., Zurich, Switzerland) and Adobe Photoshop CS4 (Adobe Systems Inc).
Statistical analysis:
The results were expressed as mean ± standard error of the mean (SEM). One-way ANOVA followed by the least significant differences (LSD) t test were used to evaluate significant differences. A p value of less than 0.05 was considered statistically significant.
RESULTS
Decreased expression of Islet-1 correlates with VEGF expression in HUVECs:
To correlate Islet-1 expression with VEGF mRNA transcription, we used the siRNA approach to silence the expression of Islet-1. We designed an Islet-1 siRNA sequence to inhibit the expression of Islet-1 in HUVECs. Real-time PCR and western blotting were conducted to assess the inhibition of gene transcription and translation. As shown in Figure 1 , siRNA inhibited the protein expression of Islet-1 by >80%, as well as its mRNA transcription (Figure 1 A,B) . As expected, VEGF expression was also downregulated by >50% (p<0.05; Figure 1C,D) .
Knockdown of Islet-1 inhibits proliferation of HUVECs: The
MTT assay was performed to analyze the proliferation of HUVECs affected by Islet-1. The cells were treated with Islet-1-siRNA or negative control siRNA. Every 24 h, the absorbance of samples was read and recorded as the OD value. The quantity of MTT crystallization is proportional to the number of surviving cells, and the OD value can indirectly reflect the number of surviving cells. Compared with the negative control group, Islet-1 siRNA inhibited the proliferation rate of HUVECs by 41.9% on day 6 (p<0.05; Figure 2A ).
Downregulation of Islet-1 inhibited HUVECs tube formation in vitro:
A key aspect of angiogenesis is the formation of capillary-like tubes by endothelial cells. We tested whether siRNA-mediated downregulation of Islet-1 affected HUVECs tube formation in vitro. Under normal culture conditions, HUVECs gradually stretch and connect each other into network structure, forming luminal structures of various sizes and shapes. The pictures were analyzed using Image J software, and the network structures and capillary-like areas were separately marked. We measured the relative capillarylike structure density by computing the number of capillary-like areas, and took the normal group as 100%. After transfection with siRNA, as shown in Figure 2 , the number of tubes in the HUVECs following RNAi was significantly lower than that of the negative control group (p<0.05) and the normal control group (p<0.05; Figure 2B ,C).
Islet-1 affects invasion and migration of HUVECs in vitro:
The in vitro motility was assessed using wound healing and Transwell assays of the HUVECs. The wound healing assay was used to determine the migration of HUVECs. The siRNA-Islet-1 group of cells exhibited a 36% decrease in closure compared with the negative control group (p<0.05), suggesting a role for Islet-1 in the migration of HUVECs ( Figure 3A,B) . To substantiate this observation, a Matrigel invasion assay in Transwell culture chambers was performed to determine the effect of Islet-1 on in vitro invasion of HUVECs. The number of siRNA-Islet-1 group cells that passed through Matrigel was only 41% compared with the negative control group (p<0.05; Figure 3C,D) . Together, these results support a critical role for Islet-1 in the motility of HUVECs.
Angiographic evaluation of the role of Islet-1 siRNA in retinal neovascularization: To evaluate the angiostatic efficacy of Islet-1 siRNA on hyperoxia-induced retinal neovascularization, the retinas were examined with fluorescein-dextran perfusion and flat mounting at P17. The retinas of the mice exposed to room atmosphere revealed superficial and deep vascular layers that extended from the optic nerve to the periphery, without neovascular tufts ( Figure 4A ). However, the retinas from the hyperoxia-exposed mice with a negative control siRNA injection or without an injection contained multiple neovascular tufts and a central non-perfusion area ( Figure 4B,C) . In contrast, fewer neovascular complexes and a non-perfusion area were found in the retinas of the eyes injected with Islet-1 siRNA ( Figure 4D ).
Histological analysis of retinal neovascularization:
Neovascularization was assessed histologically by counting the endothelial cell nuclei anterior to the inner limiting membrane. This assessment revealed that the retinas of the un-injected eyes from the hypoxic mice contained multiple neovascular tufts extending into the vitreous ( Figure 5B ). The amount of preretinal neovascularization in the untreated hypoxic eyes was similar to that of the negative control siRNA-injected eyes ( Figure 5C ). Intravitreal injections of siRNA targeting Islet-1 in the hypoxic mice reduced the histologically evident retinal neovascularization ( Figure 5D ) compared with that evident in the negative control siRNA injected or untreated eyes (p<0.05). Administration of siRNA against Islet-1 resulted in inhibition of retinal neovascularization, with an inhibitory effect of 50%.
Suppression of Islet-1 and VEGF expression in mouse retinas
by siRNA: Five days after intravitreal injection, the mouse retinas were extracted and assessed with real-time PCR and western blotting to assess the expression of Islet-1 and VEGF. In the retinas of hypoxic animals exposed to Islet-1 siRNA, Islet-1 was downregulated ( Figure 6A ; p<0.05). Compared with the control groups, the VEGF levels were also inhibited ( Figure 6C ; p<0.05). Our results showed that the transfection of Islet-1 siRNA into murine retinas resulted in significant silencing of Islet-1 and VEGF expression, resulting in inhibition of retinal neovascularization in an OIR model.
Immunohistochemistry analysis of Islet-1 expression in murine retinas:
Positive immunostaining for Islet-1 was detected in the room air-raised mice, which was mainly identified in the inner nuclear and ganglion cell layers ( Figure  7A ). In contrast, the hyperoxia-exposed mice manifested more intensive immunostaining signal ( Figure 7B,C) . Administration of siRNA targeting Islet-1 significantly reduced the immunostaining of Islet-1 in the hyperoxia-exposed mouse retina ( Figure 7D ). 
DISCUSSION
Islet-1 plays an important role in the development and formation of various organs and tissues [13, 22] . The expression of Islet-1 is closely related to the occurrence and progression of various tumors. Islet-1 expression is upregulated in different solid tumors, such as bile duct carcinoma [23] , gastrointestinal, pancreatic and lung tumors [24] , breast cancer [25] , and pheochromocytoma [26] . These studies showed the relationship between Islet-1 and tumorigenesis and development. However, the role of Islet-1 in tumor initiation and progression is still unclear. Tumor growth is closely related to angiogenesis prompting us to speculate whether the expression of transcription factor Islet-1 in tumor tissue is associated with tumor angiogenesis. Islet-1 has been found to promote angiogenesis [15] . Enhanced proliferation was found in capillary endothelial cells that overexpress Islet-1. However, previous studies investigating Islet-1 and angiogenesis mainly focused on the overexpression of exogenous Islet-1 in cells to increase angiogenesis. Until now, the relationship between endogenous Islet-1 and angiogenesis under pathophysiological conditions has never been reported. Murine models of OIR represent a major tool for the investigation of pathological angiogenesis associated with ischemia. As the neovascular response is consistent, reproducible, and quantifiable, it was commonly used to study molecules that participate in retinal angiogenesis and related antiangiogenic treatments [20] . In this study, we found that inhibition of Islet-1 expression in retinal tissue reduced retinal neovascularization in murine models of OIR. After delivery of siRNA targeting Islet-1 into the vitreous cavity, we found that the neovascular endothelial cells permeating the inner limiting membrane of the retina were reduced. Leakage of new blood vessels was inhibited, and the retinal non-perfusion area was decreased, indicating that the suppression of endogenous Islet-1 inhibited pathological retinal angiogenesis.
To elucidate the underlying mechanism, we cultured vascular endothelial cells in vitro. We found that the expression of Islet-1 in vascular endothelial cells was inhibited by siRNA targeting Islet-1. Furthermore, Islet-1 inhibition significantly downregulated the expression of endogenous VEGF, and decreased the migration, proliferation, and tube formation of the vascular endothelial cells. Injection of the siRNA Islet-1 into the vitreous cavity significantly decreased the expression of Islet-1 in the retina compared with the murine model of OIR. We surmised that intravitreal siRNA targeting Islet-1 penetrates the internal limiting membrane into the retinal cells, to bind with the RNA-induced silencing complex (RISC). The activated RISC splices the Islet-1 mRNA at the site of the homologous sequence in retinal cells [27] . The activated RISC binds and destroys hundreds of Islet-1 mRNAs in retinal tissues. Downregulation of Islet-1 in murine retinal cells may reduce VEGF, to suppress retinal angiogenesis in the murine model of OIR by inhibiting the proliferation, migration, and tube formation of retinal vascular endothelial cells. Recent studies suggest that Islet-1 promotes angiogenesis by increasing the expression of monocyte chemoattractant protein-3 [16] . We speculated that the VEGF and chemoattractant protein-3 levels, together with In summary, our results show that inhibition of endogenous Islet-1 expression inhibits the proliferation, migration, and tube formation of vascular endothelial cells in vitro, and retinal angiogenesis was suppressed by downregulating the expression of Islet-1 in vivo. The role of endogenous Islet-1 in regulating angiogenesis is related to VEGF. Therefore, this study indicated that Islet-1 may take part in the process of angiogenesis accompanied by VEGF, which further clarified the molecular mechanism of angiogenesis.
